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Low-loss, high frequency acoustic resonators cooled to millikelvin temperatures are a topic of great interest
for application to hybrid quantum systems. When cooled to 20 mK, we show that resonant acoustic phonon
modes in a Bulk Acoustic Wave (BAW) quartz resonator demonstrate exceptionally low loss (with Q-factors
of order billions) at frequencies of 15.6 and 65.4 MHz, with a maximum f.Q product of 7.8×1016 Hz. Given
this result, we show that the Q-factor in such devices near the quantum ground state can be four orders of
magnitude better than previously attained. Such resonators possess the low losses crucial for electromagnetic
cooling to the phonon ground state, and the possibility of long coherence and interaction times of a few
seconds, allowing multiple quantum gate operations.
To achieve the operation of hybrid mechanical sys-
tems in their quantum ground state, it is vital to develop
acoustic resonators with very low losses at temperatures
approaching absolute zero. The frequencies accessible
using mechanical systems are low, and thus a lower tem-
perature is required (governed by ~ω > kBT ) to reach
the equilibrium ground state1. The average number of
thermal phonons should follow the Bose-Einstein distri-
bution
nTH ∼ 1
e
~ω
kBT − 1
, (1)
which dictates, for example, that a frequency of greater
than 144 MHz is required to have nTH < 1 at a tem-
perature of 10 mK. Recent years have seen mechanical
resonators developed with frequencies as high as 11
GHz2, corresponding to T = 0.53 K for an average
phonon occupation number below unity. Aside from
conventional thermodynamic cooling, the ground state
or Standard Quantum Limit could potentially be reached
by exploiting an extremely low loss resonance, where
the mode can be cold damped through feedback or
a parametric processes. In the ideal case, the ratio
Q/T remains constant, where the acoustic Q-factor is
reduced as the mode amplitude is then damped and
electromagnetically cooled to a lower temperature.
Alternatively, if the change in state of the resonance can
be measured at a rate faster than the dissipation rate
γ, the bath noise is filtered by the high-Q resonance,
which is no longer in equilibrium with the bath. In such
a case, the effective noise temperature is reduced so that
a change in state of order one acoustic phonon could be
measureable3. The effective temperature, Teff, is then
related to the physical temperature by Teff = Tτγ/2,
a)Electronic mail: michael.tobar@uwa.edu.au
where τ is the measurement time. With these techniques
in mind, the development of cold, high frequency,
ultra-low-loss acoustic resonators represents a crucial
step in overcoming the challenge of maintaining long
coherence times in systems occupying their quantum
ground state.
Measurement of an acoustic resonator in or near
the ground state has only been recently achieved, with
results reported by several laboratories4–8. Such experi-
ments have been performed in a number of novel ways,
with quantum limited readout attained by coupling a
superconducting Josephson phase qubit to a Thin Film
Bulk Acoustic Wave (FBAR) piezoelectric resonator,
sideband cooling of a thin aluminium membrane coupled
capacitively to a superconducting microwave cavity,
trapping of optical modes in a nanofabricated silicon
beam, sideband cooling of a micromechanical acoustic
mode in a silica Whispering Gallery mode optical
resonator, and parametric cooling of a Nb-Al-SiN beam
resonator. Notably, all of these devices have an acoustic
Q-factor of order 104 or less near the ground state. His-
torically, the highest acoustic Q-factor resonators have
been developed for gravity wave detection applications,
and are large devices with very low resonant frequencies.
Extremely high Q-factors from 108 to greater than 109
are readily achievable in bulk sapphire9–11, niobium12,
and silicon13 close to 4 K, which has lead to the sug-
gestion that large masses of greater than kilogram scale
and low frequency (of order kHz) could potentially be
cooled to their ground state via a parametric readout14.
Recently, high frequency milligram-scale piezoelectric
Bulk Acoustic Wave (BAW) quartz resonators were
measured down to 4 K with a Q-factor of 3×108 at
15.6 MHz15,16. These resonators are advantageous in
many respects, namely that they simultaneously exhibit
both high frequency and large Q-factor, and have strong
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FIG. 1. Schematic of the quartz Bulk Acoustic Wave
(BAW) resonator manufactured by BVA Industries with non-
contacting electrodes. The radius of curvature of the res-
onator is 300 mm. Vibrations are trapped in the area of the
resonator between the electrodes attached to the quartz sup-
port structure.
electromagnetic coupling through the piezoelectric effect.
In general, the electromechanical coupling is made more
difficult at higher frequencies due to smaller associated
displacements for the sensing transducer. However, as in
the work of O’Connell et al.4, the piezoelectricity allows
strong electromechanical coupling between photons
and acoustic phonons, making them well suited for
hybrid quantum applications. Measurements of the
BAW resonators at cryogenic temperatures showed a T 6
dependence for the Q-factor of the longitudinal mode,
and a T 4 law for shear modes in the range of 5-21 K,
as predicted by Landau-Rumer theory17,18. However,
between 3 and 6 K the exponent of the power law de-
creased, suggesting an additional unknown source of loss.
In this work, we measure a quartz BAW resonator
designed with non-contacting electrodes down to 18
mK, and show that the Q-factor continues to increase
beyond 109, albeit with a smaller power law expo-
nent. The resonator is a state-of-the-art commercial
resonator (SC-cut19, BVA technology20) designed for
room temperature operation in its shear mode (5 MHz
with a frequency-temperature turn-over point at 80
deg. C), a schematic of which is shown in Fig. 1. To
allow the acoustic modes to be trapped between the
electrodes at the centre of the resonator, isolating the
mode from mechanical losses due to coupling to the
support ring, the resonator is manufactured with a
planoconvex shape21. The longitudinal overtones are
the most strongly trapped and thus exhibit particularly
high quality factors. Here, we present measurements
characterizing the 5th and 21st overtones with effective
mode masses of order 5 and 0.7 milligram respectively
(total resonator mass of 220 mg) at frequencies 15.6 and
65.4 MHz respectively, which exhibit Q-factors exceeding
109 corresponding to decay times of order tens of seconds.
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FIG. 2. Frequency offset versus input power, f (Pin), at 18
mK for the 5th overtone with respect to the frequency at -52.5
dBm, f (−52.5) =15,597,316.3845 Hz
Our experiment was cooled using a cryogen-free
Dilution Refrigerator (DR) system, with the quartz
resonator thermally connected via an oxygen-free copper
mount to the mixing chamber of the DR and cooled to
∼20 mK. To measure the intrinsic Q-factor of the quartz
BAW resonators, a passive method was employed using
an Agilent E5061B-005 Impedance Analyzer with a fre-
quency resolution of 0.02 mHz. For BAW devices at low
temperatures, this measurement method is preferable to
traditional bridge methods24 because of the significant
temperature induced changes in the resonator that result
in impedance mismatching of the usual pi-network. A
distinctive feature of the impedance analyzer method is
a need for compensation of the long connecting cables.
For this purpose, three calibration references (an open
circuit, short circuit and a 50 Ω standard) are placed
close to the quartz resonator at the end of nominally
identical cables. The purpose of the calibration is to
remove cable effects from measurement results. Once the
calibration is performed under cryogenic conditions for a
given frequency range, amplitude, number of points and
sweep rate, the magnitude and phase of the resonator
motional branch impedance are measured in the vicinity
of the resonance. The data is then approximated by a
neural network model, and the resonator parameters are
obtained through a complex admittance representation
of the approximated data.
As at 4K15, the longitudinal mode exhibits superior
Q-factors to both slow and fast shear modes. For exam-
ple the 5th overtone of the fast shear mode at 9.2 MHz
exhibits a Q-factor of 2.2 × 108, while the 5th overtone
of the slow shear mode exhibits a Q-factor of 3.1 × 108.
Many overtones and anharmonics were measured, with
the highest Q-factor observed in the 5th overtone lon-
gitudinal mode at 15.6 MHz. At high input powers, the
resonator undergoes a frequency shift and a significant in-
crease in Q-factor, as shown in Fig. 2 . No distortion of
the line shapes was seen in this power range from −52.5
3TABLE I. Comparison of some acoustic resonator experiments, which have been cooled either to or near the ground state, or
have achieved high Q-factors. The table shows the frequency, Q-factor, environmental temperature, number of thermal phonons
(nTH) and Q-factor if the system could be cooled ideally to nTH = 1 phonon. This assumes that the ratio of Q/T remains
constant as the oscillator is simultaneously damped and cooled.
Experiment Frequency (Hz) Q-factor Temperature (K) nTH Q(nTH = 1)
Silicon13 1.96×104 2×109 4 4.3×106 677
Sapphire10 5.33×104 6×108 4 1.6×106 554
Silica7 7.0×107 104 0.6 179 81
Spoke-Anchored Silica22 7.8×107 2.2 × 104 0.65 1.7 83
FBAR4 6.07×109 260 0.025 9×10−6 260
Al5 1.06×107 3.3×105 0.015 29.1 1.6×104
Silicon beam6,23 3.68×109 4×105 20 113 5.1×103
Nb-Al-SiN beam8 6.3×106 106 0.10 330 4.4×103
Quartz BAW - 5th overtone 1.56×107 2×109 0.018 23.5 1.2×108
Quartz BAW - 21st overtone 6.54×107 1.2×109 0.021 6.2 2.6×108
to −35 dBm. At higher powers still, close to 0 dBm,
nonlinear effects typical in BAW quartz resonators were
seen. The Q-factor at −35 dBm rose to more than 8 bil-
lion. This effect is due to a parametric effect that comes
from the nonlinearity of a shunt capacitance formed by
the resonator electrodes, which are separated by a quartz
disk and two gaps. We observe a strong dependence
on the excitation level, which has been never been ob-
served at room or liquid helium temperatures in these
resonators. Harmonic balance simulations of the corre-
sponding lumped resonator with a nonlinear shunt ca-
pacitance model the effect very well, and show an almost
exponential increase of the Q-factor with a correspond-
ing reduction in frequency.
At powers below −50 dBm, the Q-factor remained
constant. At this power level, we measured both the 5th
and 21st overtones as a function of temperature. Figure
3 shows the frequency shift and Q-factor below 2 K
in temperature. In this regime of such high Q-factor,
the loss introduced by the support structure is likely to
become important and should be considered. It is also
interesting to note that for both modes, the frequency
of the overtones exhibit a turning point just below 1 K.
At this temperature with such high Q-factor and the
annulment of the frequency-temperature dependence, a
frequency-stable oscillator could be built, which is a point
of future investigation. At lower temperatures there
are multiple annulment points and no clear dependence
of Q-factor, although both overtones have peak values
between 100 and 300 mK. We also note that in various
temperature regions, both overtones exhibit a T−0.36 de-
pendence of the Q-factor. A power law dependence with
the same exponent has been observed previously for the
Q of a number of nanoelectromechanical systems such
as carbon nanotube resonators25,26, microresonators in
GaAs/InGaP/GaAs heterostructures27, nanomechanical
resonators in Si/SiO2/Si28, and micromechanical dia-
mond resonators29. A theoretical treatment30 calculates
a T−1/3 dependence due to losses from coupling to
so-called “two level systems”, which agrees well with
our experimental data. However, the question remains
as to why the Q-factor degrades in some temperature
ranges. Possible explanations could include the coupling
of resonance loss mechanisms through the support struc-
ture. At such high Q-factors, one would expect a greater
sensitivity to external loss mechanisms. Comparisons
of our experiment with others that have achieved high
Q-factors at low temperature are summarized in Table I.
We compare frequency, Q-factor, temperature, thermal
phonon occupation number at temperature T , and
Q-factor near the ground state (nTH = 1).
1 x 10
9
2 x 10
9
3 x 10
9
4 x 10
9
5
th
 overtone
21
st
 overtone
0.01 0.1 1
Q
-F
a
c
to
r
T
-0.36
-0.005
0
0.005
0.01
0.01 0.1 1
f(T) - f(18 mK)
f(T) - f(21 mK)
F
re
q
u
e
n
c
y
 O
ff
se
t 
(H
z)
Temperature (K)
FIG. 3. Q-factor and frequency offset versus temperature,
f(T ), for the 5th and 21st overtones with respect to the fre-
quency at 18 and 21 mK respectively, at -52.5 dBm input
power. Dashed lines show a T−0.36 dependence for both over-
tones in various temperature regions.
4With such extraordinary Q-factors at mK tempera-
tures, quartz BAW resonators are eminently suitable for
electromagnetic cooling techniques such as parametric
cold damping or feedback cooling. We anticipate that
these techniques could be used to prepare the resonator
in an ultra-cold quantum state, potentially allowing the
resonator to enter the acoustic phonon ground state
while maintaining a damped Q-factor of more than four
orders of magnitude bigger than previously achieved (as
suggested in Table I), which corresponds to acoustic
decay times of order a few seconds. Also, the resonator
exhibits strong electromechanical coupling to mechanical
modes through the piezoelectric effect at these tempera-
tures, meaning that a hybrid quantum system is readily
achievable. Thus, using BAW technology, single phonon
quantum control could be achievable allowing coherence
times significantly longer than previously attained,
which could allow many more coherent gate operations
before coherence is lost with wide ranging implications
for quantum information, computing, and control.
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